Proper axonal targeting is fundamental to the establishment of functional neural circuits. The hippocampal mossy fibres normally project towards the CA3 region. In the hippocampi of patients with temporal lobe epilepsy and related animal models, however, mossy fibres project towards the molecular layer and produce the hyperexcitable recurrent networks. The cellular and molecular mechanisms underlying this aberrant axonal targeting, known as mossy fibre sprouting, remain unclear. Netrin-1 attracts or repels axons depending on the composition of its attraction-mediating receptor, deleted in colorectal cancer, and its repulsion-mediating receptor, uncoordinated-5, on the growth cone; but the roles of netrin-1-dependent guidance in pathological conditions are largely unknown. In this study, we examined the role of netrin-1 and its receptors in mossy fibre guidance and report that enhanced neuronal activity changes netrin-1-mediated cell targeting by the axons under hyperexcitable conditions. Netrin-1 antibody or Dcc ribonucleic acid interference attenuated mossy fibre growth towards CA3 in slice overlay assays. The axons were repelled from CA3 and ultimately innervated the molecular layer when hyperactivity was pharmacologically introduced. We first hypothesized that a reduction in netrin-1 expression in CA3 underlies the phenomenon, but found that its expression was increased. We then examined two possible activity-dependent changes in netrin-1 receptor expression: a reduction in the deleted in colorectal cancer receptor and induction of uncoordinated-5 receptor. Hyperactivity did not affect the surface expression of the deleted in colorectal cancer receptor on the growth cone, but it increased that of uncoordinated-5A, which was suppressed by blocking cyclic adenosine monophosphate signalling. In addition, Dcc knockdown did not affect hyperactivity-induced mossy fibre sprouting in the slice cultures, whereas Unc5a knockdown rescued the mistargeting. Thus, netrin-1 appears to attract mossy fibres via the deleted in colorectal cancer receptor, while it repels them via cyclic adenosine monophosphate-induced uncoordinated-5A under hyperexcitable conditions, resulting in mossy fibre sprouting.
Introduction
Seizure-induced axonal sprouting has been observed in several regions of the epileptic brain (Represa and Ben-Ari, 1992; Salin et al., 1995; Esclapez et al., 1999; Lehmann et al., 2001; Smith and Dudek, 2002; Cavazos et al., 2004; Siddiqui and Joseph, 2005; Cross and Cavazos, 2007) . Among them, the sprouting of mossy fibres, the axons of the dentate granule cells, has been well studied. Mossy fibres project through the dentate hilus to the CA3 region of the hippocampus (Blaabjerg and Zimmer, 2007) . However, in the hilus of the epileptic dentate gyrus, many axonal collaterals branch out from the pre-existing main mossy fibre axons. Subsequently, the collaterals project in the direction of the molecular layer and innervate the molecular layer, wherein they form excitatory synapses with the dendrites of granule cells (Buckmaster et al., 2002; Cavazos et al., 2003) . This phenomenon, termed mossy fibre sprouting, has been widely observed in animal models of limbic epilepsy (Cronin and Dudek, 1988; Mello et al., 1993; Okazaki et al., 1995; Sutula et al., 1998) as well as in human temporal lobe epilepsy (Represa et al., 1989; Sutula et al., 1989; Houser et al., 1990; Isokawa et al., 1993; El Bahh et al., 1999) . The recurrent excitatory circuits produced by mossy fibre sprouting are functionally active (Molnar and Nadler, 1999; Lynch and Sutula, 2000) and cause hyperexcitation of the dentate gyrus (Wuarin and Dudek, 1996; Feng et al., 2003) , becoming potential epileptogenic foci by interacting with other seizure-related injuries, such as the loss of inhibitory interneurons. Thus, it is essential to elucidate the developmental mechanisms of mossy fibre sprouting to understand the cellular and molecular basis of epileptogenesis.
We previously suggested that mossy fibre sprouting is a consequence of neuronal hyperactivity-induced stepwise disruption of axon guidance: the first step being excessive branching of collaterals and the second step being ectopic projection of the collaterals to the molecular layer (Koyama and Ikegaya, 2004) . We previously reported that activity-induced brain-derived neurotrophic factor is involved in the first step (Koyama et al., 2004a) , but this result alone is insufficient to explain the second step. In this study, we examined the possible involvement of netrin-1, the founding member of the netrin family, in the second step of sprouting.
The netrins constitute a family of evolutionarily conserved secretory proteins involved in axon guidance . Netrins bind to receptors of the deleted in colorectal cancer (DCC) family, which includes DCC and neogenin, as well as to receptors of the uncoordinated-5 (UNC5) family, which includes UNC5A-D; both of these families belong to the transmembrane immunoglobulin superfamily (Huber et al., 2003) . Netrins can act either as attractants or repellents for growing axons depending on the composition of DCC and UNC5 on the growth cone surface. The presence of DCC results in the attraction of axons to netrins (de la Torre et al., 1997; Fazeli et al., 1997) , whereas the presence of both DCC and UNC5 results in a switch from attractive to repulsive axonal responses to netrins (Hong et al., 1999) . UNC5 can also mediate netrininduced axonal repulsion independently of DCC (Keleman and Dickson, 2001 ).
It has been suggested that interconversion between the attractive and repulsive effects of netrin depends on intracellular levels of second messengers, such as cyclic adenosine monophosphate (cAMP), in the growth cone (Song and Poo, 1999) . Importantly, electrical activity-induced enhancement of axonal response to netrin-1 requires an elevation in the levels of cytoplasmic cAMP in cultured Xenopus spinal neurons (Ming et al., 2001) , suggesting that neuronal activity plays an important role in netrin-1-mediated target cell selection via cAMP signalling. Recently, it has been shown that expression of netrin-1 is up-regulated in the dentate gyrus after kainic acid-induced severe seizures in the rat (Yang et al., 2008) . Considering this evidence, we tested the hypothesis that, in the epileptic dentate gyrus, enhanced neuronal activity modulates the intracellular signalling that regulates the response of mossy fibres to netrin-1 from attraction to repulsion, resulting in ectopic targeting of mossy fibres to the molecular layer.
Materials and methods

Animals
Wild-type (SLC, Shizuoka, Japan) or transgenic Sprague-Dawley rats expressing green fluorescent protein (GFP) (GFP + rats) were used (Koyama et al., 2004b) . All experimental procedures conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and to the guidelines provided by the University of Tokyo.
Pharmacological agents and antibodies
The following pharmacological agents were used in the cultures: picrotoxin (PIC; a GABA A receptor antagonist, 50 mM), tetrodotoxin (a sodium channel blocker, 1 mM), Sp-cAMPS (a cAMP agonist, 100 mM) and Rp-cAMPS (a cAMP antagonist, 100 mM) (these reagents were obtained from Sigma, St. Louis, MO, USA). To neutralize the effects of netrin-1, rabbit anti-netrin-1 antibodies (2 mg/ml; EMD Biosciences, San Diego, CA, USA) were used (Watanabe et al., 2006) . The following primary antibodies were used for immunostaining: rabbit anti-cAMP (1:1000; Chemicon, Temecula, CA, USA), mouse anti-DCC (extracellular domain, 1:50, #554222; BD Pharmingen, San Diego, CA, USA), rabbit anti-GFP (1:1000; Invitrogen, Gaithersburg, MD, USA), mouse anti-Microtubule-associated protein-2 (1:1000; Chemicon), mouse anti-NeuN (1:1000; Chemicon), rabbit anti-prospero-related homeobox 1 (1:5000; Chemicon), mouse antiTau-1 (1:2000; Chemicon) and goat anti-UNC5H1 (extracellular domain of UNC5A, 1:50, AF1405; R&D Systems, Minneapolis, MN, USA).
Alexa Fluor 350-, 488-or 594-conjugated secondary antibodies were also used (1:1000; Invitrogen).
atmosphere of 5% CO 2 and 95% air at a density of 5.0 Â 10 3 cells/ cm 2 on poly-L-lysine-coated culture dishes. After fixation with 4% paraformaldehyde, the samples were stained with rhodamineconjugated phalloidin (1:40; Invitrogen).
Organotypic culture of hippocampal slices
Hippocampal slice cultures were prepared from P6 rats as previously described (Koyama et al., 2004a . The posterior part of the rat brain was cut into 300 mm thick transverse slices using a DTK-1500 vibratome (Dosaka, Kyoto, Japan) in aerated, ice-cold Gey's balanced salt solution containing 25 mM glucose. The slices were placed on Omnipore membrane filters (JHWP02500; Millipore, Bedford, MA, USA) in a solution containing 50% MEM, 25% horse serum (Cell Culture Lab, Cleveland, OH, USA), and 25% Hanks' balanced salt solution and incubated at 37 C in a humidified incubator containing an atmosphere of 5% CO 2 and 95% air.
Slice overlay assay and axonal direction analysis
The slice overlay assay was performed as previously described (Kim et al., 2004) with a slight modification. Briefly, isolated granule cells prepared from P6 GFP + rats were resuspended in the culture medium at a density of 5.0 Â 10 5 cells/ml and 10-20 ml of this suspension was plated onto the hippocampal slice cultures at 0 days in vitro. In this assay, only GFP + cells located within the dentate gyrus were analysed. For axonal direction determination, 2 lines were drawn as shown in 
Measurement of neuronal density in cultured slices
We measured the density of Nissl-positive neurons in the granule cell layer, the dentate hilus and CA3 in the cultured slices, which were fixed at 3 days in vitro and Nissl-stained. In each area, Z-series confocal images (Z-steps: 2 mm) were captured at a depth of 20 mm using a Bio-Rad MRC-1024 confocal system with a 20Â (numerical aperture, 0.75) objective (Nikon, Tokyo, Japan), and the cell density was measured in 50 mm (length) Â 50 mm (width) Â 20 mm (depth) cubes. Cubes were placed at intervals of 100 mm in each subregion and their densities were averaged.
Explant coculture assay using collagen gels and axonal direction analysis
Explant coculture assays were performed using collagen gels as previously described (Watanabe et al., 2006) , with modifications. Cultured human embryonic kidney (HEK) 293T cells were transfected using plasmids encoding netrin-1 (pCAG-netrin-1-myc) or control plasmids containing the netrin-1 gene in the reverse orientation (Masuda et al., 2008) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. HEK aggregates were prepared using the hanging-drop method as previously described (Fan and TessierLavigne, 1994) . In brief, 24 h after transfection, cells were trypsinized, washed and resuspended in Dulbecco's MEM containing 10% foetal bovine serum at a density of 2 Â 10 4 cells/ml. Finally, 20 ml drops of the cell suspension were cultured for 24 h using the hanging-drop method to generate cell aggregates. Microslices of the CA3 region, including the stratum pyramidale and the stratum lucidum, were prepared from the hippocampal slices described above. A CA3 microslice or HEK aggregates and primary granule cells were added to a collagen solution containing 50% cell matrix † (Nitta Gelatin Co., Osaka, Japan) and 50% Matrigel (BD Biosciences) and cocultured in Neurobasal medium supplemented with B27. For axonal direction analysis in the explant coculture assays, two lines were drawn as shown in Fig. 2C : an arrow from the GFP + soma centre to the stratum lucidum centre (defined here as 30 mm above the stratum pyramidale) in a CA3 slice or the HEK aggregate centre, and a line perpendicular to it. Next, mossy fibres were traced by their GFP fluorescence and their direction (turning angle: ) was determined. The angle with the stratum lucidum centre or the HEK aggregate centre was defined as 90
. The small interfering RNAs were transfected into the isolated granule cells using Lipofectamine 2000 (Invitrogen). Lipofectamine 2000 (1 ml) and 5 ml siRNA (20 mM) were dissolved in 50 ml of a solution containing 2:1 MEM and Hank's balanced salt solution; this solution was incubated for 10 min and then mixed for 20 min at room temperature. This siRNA-lipid mixture was added to a 1 ml suspension of the isolated granule cells (1.0 Â 10 5 cells/ml) that were prepared from P6 GFP + rats as described above. The suspension was incubated at 37 C for 2 h and then centrifuged at 1200 rpm for 5 min. The supernatant was removed and the remaining cells were dispersed in 1 ml Neurobasal medium supplemented with B27 or in a solution containing MEM, Hank's balanced salt solution and horse serum in the ratio 1:2:1 at 37 C. Subsequently, these cells were used for primary culture or for slice overlay assays. Small interfering RNAs were transfected into granule cells in the cultured slices using the electroporation method (Nakahara et al., 2009 ) with modifications. At 5 days in vitro, the small interfering RNAs (100 nM in Hank's balanced salt solution) and plasmids encoding membrane-targeted Aequorea coerulescens GFP (AcGFP, 1.0 mg/ml in Hank's balanced salt solution; Takara Bio, Shiga, Japan) were transfected into a few granule cells with a glass micropipette (tip diameter, 30-50 mm) by generating electrical pulses (four trains of 200 square pulses of 1 ms duration and 100 mA amplitude at 200 Hz). Subsequently, PIC was applied from 6 to 9 days in vitro.
Immunoblotting
At 3 days in vitro, the CA3 region of the slice cultures was gently dissected out under a microscope, homogenized and lysed with lysis buffer (137 mM NaCl, 20 mM Tris-HCl, 1% NP-40, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, 1 mg/ml leupeptin, and 0.5 mM sodium vanadate; pH 8.0). The extracted protein was denatured by heating in sample buffer (10 mM Tris-HCl, 10 mM dithiothreitol, 2% sodium dodecyl sulfate and 0.01% bromophenol blue; pH 6.8). Protein concentrations were determined using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. Samples (derived from 15 slices) were separated electrophoretically and then 
test). (F and G)
Tracing and axonal direction analysis of granule cells cocultured with HEK aggregates at 3 days in vitro. Plasmids containing the netrin-1 gene in reverse orientation were used as controls. Anti-netrin-1 antibodies and Sp-cAMPS were chronically applied during culture. Scale bar, 100 mm. *P50.05 and **P50.01 (n = 17-21 GFP + cells from 5 to 9 cocultures; Mann-Whitney U-test). GC = granule cell; transferred to polyvinylidene difluoride membranes. The membranes were incubated with the primary rabbit anti-netrin-1 antibodies (1:1000, PC344; Calbiochem, La Jolla, CA, USA) and mouse anti-bactin antibodies (1:1000; Sigma) and subsequently with the secondary horseradish peroxidase-conjugated anti-mouse or anti-rabbit IgG antibodies (1:1000; Sigma). The membranes were washed and the proteins were detected using an enhanced chemiluminescence assay kit (GE Healthcare Biosciences, Buckinghamshire, England). Equal protein loading was confirmed by staining the gels with Coomassie Brilliant Blue or probing the membranes with anti-b-actin antibodies. For semiquantitative analysis, band densitometry was performed with scanned images of non-saturated immunoblot films using ImageJ software (National Institutes of Health). The pixel intensities of the bands obtained in each experiment were normalized using b-actin signals and then converted to a percentage of the intensity of the CA3 control band in the same membrane.
Immunostaining and Nissl staining
To immunostain the slice cultures, fixed samples were rinsed with 0.1 M phosphate buffer, permeabilized for 10 min at room temperature in 0.1 M phosphate buffer containing Triton X-100 (0.1%) and goat serum (2%), and then incubated with primary antibodies in 0.1 M phosphate buffer containing Triton X-100 (0.1%) and goat serum (2%) overnight at room temperature. The samples were then washed and incubated with secondary antibodies in 0.1 M phosphate buffer containing goat serum (2%) for 3 h at room temperature. For Nissl staining, the fixed samples were incubated with NeuroTrace (530/615 red fluorescent Nissl stain, 1:100; Invitrogen) and Triton X-100 (0.1%) for 3 h at room temperature.
To immunostain the primary culture of granule cells, fixed samples were rinsed with 0.1 M phosphate-buffered saline, permeabilized for 30 min at room temperature in 0.1 M phosphate-buffered saline containing Triton X-100 (0.1%), and blocked with goat serum (2%) for 60 min. In this process, Triton X-100 was excluded for the detection of DCC and UNC5A receptors on the surface of growth cones. The samples were then incubated with primary antibodies in 0.1 M phosphate-buffered saline containing goat serum (2%) overnight at 4 C. The samples were then washed and incubated with secondary antibodies in 0.1 M phosphate-buffered saline containing goat serum (2%) for 3 h at room temperature. To immunostain the intracellular proteins in the growth cone, we chose a detergent concentration of 0.1% and an incubation time for the detergent treatment of 30 min, because, using this protocol, we have previously immunostained intracellular adenylyl cyclase in the growth cones of cultured granule cells (Yamada et al., 2005) .
Observation, quantification and analysis of immunostained samples
Immunostained samples of slice cultures (with or without overlaid granule cells) and the explant cocultures were observed using a Bio-Rad MRC-1024 confocal system under a 20Â (numerical aperture, 0.75) and a 60Â (numerical aperture, 1.20) objective (Nikon). Z-series images were collected at 2 mm steps and 26 Z-sections were stacked and analysed using ImageJ. Immunocytochemical images of primary cultures and explant assays were acquired using an Eclipse TE300 inverted microscope (Nikon) equipped with an ORCA II cooled CCD camera (Hamamatsu Photonics, Hamamatsu, Japan) under a 40Â objective (numerical aperture, 0.90; Nikon) and analysed using the AquaCosmos system (Hamamatsu Photonics).
For quantification of the immunofluorescence intensity of cAMP in the granule cell layer of cultured slices, the contour of the cell layer was manually traced on a counterstained NeuN image. For each slice, the background fluorescence was obtained from three to four adjacent 50 Â 50 mm 2 areas outside the slice. The values for the background intensity were averaged and the intensity was expressed as (intensity of the granule cell layer À background intensity)/background intensity. For quantification of the immunofluorescence intensity in soma and growth cones, contours were manually traced on differential interference contrast images. The fluorescence intensities of cAMP, DCC and UNC5A were determined within the contour and normalized to unit area. The background fluorescence was obtained from three to four adjacent 5 Â 5 mm 2 areas that were 41 mm away from the soma or the growth cone stem axis. The values for background intensity were averaged and the intensity was expressed as (intensity of the soma or growth cone À background intensity)/background intensity.
Data representation and statistical analyses
The data were represented as means AE SEM or as box and whisker plots showing the distribution and median (solid line) of the data (box edges indicate 25th and 75th percentiles; whiskers, 10th and 90th percentiles; and outer dots, outliers). The Mann-Whitney U-test or Steel-Dwass test after Kruskal-Wallis test was used for nonparametric statistics, while the Student's t-test or Tukey's test after one-factor ANOVA was used for parametric statistics. Data were pooled from at least three independent experiments. Data were collected and statistically analysed independently by two people in a blind manner to avoid bias.
Results
Netrin-1 attracts mossy fibres to CA3
The results of this and previous studies have suggested the existence of diffusible chemo-attractants that guide mossy fibres to CA3 in vitro (Koyama et al., 2004b) and in vivo (Shetty et al., 2005) ; however, the guidance cues remained unidentified. In the present study, to evaluate the possibility of netrin-1 acting as a chemo-attractant that guides mossy fibres to CA3, we performed a hippocampal slice overlay assay, in which granule cells expressing GFP (GFP + cells) were overlaid and cultured on hippocampal slices (Kim et al., 2004) . The slice overlay assay enables direct determination of the direction and length of pioneer axons that emanate from overlaid neurons (Mizuhashi et al., 2001; Kim et al., 2004) , which is essential for the detection of chemo-attractants. At 3 days in vitro, we observed GFP + cells with morphological characteristics such as small and oval soma, arborizing dendrites extending to the molecular layer, and thin mossy fibres with en passant varicosities projecting through the dentate hilus towards CA3 (Fig. 1C) ; these characteristics are similar to those observed for granule cells in vivo (Amaral et al., 2007) . At 3 days in vitro, we traced the axonal tracts using their GFP fluorescence ( Fig. 1C and D) and found that all of the mossy fibres in the control cultures were attracted to CA3 (Fig. 1E and F) . To determine whether netrin-1 was involved in the guidance of mossy fibres to CA3, we first assessed whether netrin-1 was expressed in cultured hippocampal slices using immunoblot analysis, and confirmed the expression of netrin-1 in CA3 (Fig. 1A) . The projection of mossy fibres to CA3 was disturbed and the axons randomly projected in all directions with the chronic application of anti-netrin-1 antibodies ( Fig. 1E and F) , which have been shown to neutralize the effects of netrin-1 elsewhere (Watanabe et al., 2006) and in this study (Fig. 2) . This finding suggests that netrin-1 is involved in the guidance of mossy fibres to CA3.
To determine whether netrin-1 diffuses from CA3, we performed two types of coculture assays in collagen gels, in which diffusible cues can form gradients to guide the target axons . We embedded GFP + primary granule cells in collagen gels along with either a CA3 micro-slice HEK cell aggregates expressing netrin-1 (Fig. 2A) . In these cocultures, we analysed the turning angles and lengths of the axons of only those GFP + cells that had dispersed within 500 mm from the explants ( Fig. 2A) and were positive for the granule cell marker prospero-related homeobox 1 (Pleasure et al., 2000) (Fig. 2B) . By 3 days in vitro, the dendrites and mossy fibres of the primary granule cells had extended into the collagen gels and the axonal tracts of these cells were traced ( Fig. 2B and C) . When the granule cells were cocultured with a CA3 micro-slice, most of the mossy fibres were attracted to it ( Fig. 2D and E); this finding is in agreement with our previous study in which mossy fibres were guided through collagen gels towards CA3 when the collagen gels were sandwiched between cultures of a CA3 slice and a dentate gyrus slice (Koyama et al., 2004b) , suggesting the existence of chemoattractants that diffuse from CA3. The attractive projection to a CA3 slice was blocked by anti-netrin-1 antibodies ( Fig. 2D and E) , suggesting that the chemoattractant is netrin-1. Furthermore, to determine whether netrin-1 attracts mossy fibres, we transfected HEK aggregates with netrin-1 plasmids and cocultured these aggregates with granule cells; we found that mossy fibres were attracted specifically to the netrin-1-expressing HEK aggregates and that this effect was blocked by anti-netrin-1 antibodies ( Fig. 2F and G) . In the slice overlay assays, the reagents applied to the culture medium did not induce significant cell loss in the granule cell layer, the dentate hilus, or CA3, indicating that the mistargeting of mossy fibres is not caused by reagent-induced cell loss in these subregions ( Supplementary Fig. 1 ). Furthermore, in both the slice overlay assays and the explant coculture assays in collagen gels, the axonal length was not affected by the reagents used, suggesting that the reagents caused a change in the direction of axonal growth rather than retraction of the axons (Supplementary Figs 2 and 3) .
These results indicate that netrin-1 serves as a CA3-derived diffusible chemo-attractant that guides mossy fibres to the CA3 region of the hippocampus.
Neuronal hyperactivity induces the misguidance of mossy fibres without reducing netrin-1
Although netrin-1 guides mossy fibres to CA3, mossy fibres often project to the molecular layer of the hippocampus in temporal lobe epilepsy (TLE) patients and in animal models of temporal lobe epilepsy. There are two possible changes in the axon guidance system that may cause mossy fibre sprouting in the brains of temporal lobe epilepsy patients, in which neuronal activity is highly up-regulated: the first, a decrease in netrin-1 expression in CA3, is extrinsic; the second, an alteration in the direction of mossy fibre projection due to changes in the second messenger levels in granule cells, is intrinsic.
To evaluate these possibilities, we used a convulsant-induced slice culture model of epilepsy. Several reagents, such as kainic acid (Bausch and McNamara, 2004) and GABA A receptor blockers (Muller et al., 1993; Koyama et al., 2004a; Nakahara et al., 2009) , have been used to induce hyperexcitable conditions in slice cultures, including epileptiform bursts of neurons, cell death and mossy fibre sprouting. In this study, we used a PIC-induced model, because the chronic application of PIC, a GABA A -receptor antagonist, induces neuronal hyperactivity and mossy fibre sprouting in slice cultures, enabling the use of slice cultures as an in vitro model of the epileptic brain (Koyama et al., 2004a; Nakahara et al., 2009 ). In the slice overlay assay, we chronically applied PIC to the medium and found that attraction of the mossy fibres to CA3 was perturbed and approximately half of the fibres projected to the molecular layer at 3 days in vitro ( Fig. 1E  and F ). The effect of PIC was blocked by the sodium channel blocker tetrodotoxin (Fig. 1E and F) , suggesting that netrin-1-mediated attraction of mossy fibres is modulated by neuronal activity.
We first determined whether netrin-1 expression was reduced under hyperexcitable conditions. Previous studies have shown that the expression levels of genes or proteins involved in axon guidance, such as the semaphorin gene (Barnes et al., 2003; Holtmaat et al., 2003) and the netrin-1 protein (Yang et al., 2008) , are altered in the epileptic brain. Intriguingly, despite repulsion of mossy fibres, immunoblot analysis of PIC-treated slice cultures revealed an increase in the netrin-1 expression in CA3 compared to the control cultures ( Fig. 1A and B) . Based on these results, we investigated changes in the levels of the second messenger that modulate mossy fibre guidance.
Neuronal hyperactivity-induced cAMP modulates mossy fibre guidance
We next investigated the intracellular mechanisms underlying hyperactivity-induced mistargeting of mossy fibres. We focused on the involvement of cAMP, because it has been reported that cAMP modulates netrin-1-mediated axonal guidance Song and Poo, 1999) and is required for electrical activityinduced enhancement of axonal response to netrin-1 (Ming et al., 2001) . However, the mechanisms underlying the switching of axon target selection by cAMP are poorly understood. Furthermore, our previous studies have shown that cAMP is involved in the development of mossy fibres. Pharmacological blockade of cAMP signalling prevents Sema3F-induced axonal growth cone collapse in primary granule cells (Yamada et al., 2005) . In hippocampal slice cultures, blockade of cAMP allows mossy fibres to form ectopic synapses with CA1 neurons (Mizuhashi et al., 2001 ).
To determine whether neuronal hyperactivity regulates intracellular cAMP levels, we first performed immunohistochemistry of PIC-treated slice cultures at 3 days in vitro and found an increase in cAMP levels in the granule cell layer (Fig. 3A and B) . This increase was not observed when tetrodotoxin was co-applied with PIC, suggesting that this effect was due to up-regulated neuronal activity. We then investigated the time course of cAMP up-regulation and its intracellular localization using primary cultures of granule cells (Fig. 3C-E) . At 3 days in vitro, we provided high K + stimulation to the primary granule cells by increasing the K + concentration in the culture medium from 5.36 to 8 mM to depolarize the cells; (Fig. 3C ) this increase in concentration has been confirmed to induce burst activities of granule cells in acute slices (Pan and Stringer, 1997) . We used high K + stimulation instead of PIC application, because neuronal networks were not established in our dispersed culture of primary granule cells ( Figs  3C-E and 4) . Immunocytochemistry indicated that cAMP levels in both the soma and axonal growth cone transiently increased shortly after the high K + stimulation; the cAMP levels 1 h after stimulation were significantly higher in these cells than in the control cells ( Fig. 3D and E) . The increase in cAMP levels was not sustained for long even with high K + concentrations in the medium; the levels returned to the control level 2 h after stimulation (soma, P = 0.218; growth cone, P = 0.0767; Student's t-test).
To determine whether cAMP was involved in hyperactivityinduced disturbance in netrin-1-mediated attraction of mossy fibres, we co-applied PIC and Rp-cAMPS, a membrane permeable cAMP antagonist, in the slice overlay assay. In the presence of Rp-cAMPS, PIC-induced abnormal targeting of mossy fibres was not observed and the fibres projected to CA3 (Fig. 1E and F) . In addition, the membrane-permeable cAMP agonist Sp-cAMPS alone disturbed the projection of mossy fibres to CA3 in the slice overlay assay (Fig. 1E and F) and the attractive effect of netrin-1 in the explant coculture assay (Fig. 2F and G) . These results indicate that neuronal activity-induced cAMP in granule cells results in the projection of mossy fibres to the molecular layer rather than to CA3.
cAMP enhances the translocation of UNC5A to growth cone surface Whether netrin-1 acts as a chemo-attractant or chemo-repellent depends on the composition of its receptors, DCC and UNC5, on the growth cone surface (Hong et al., 1999) . To determine whether the expression of these receptors on the growth cone surface was modified by neuronal activity-induced cAMP, we performed immunocytochemistry on primary granule cells at 3 days in vitro (Fig. 4) . There are four vertebrate homologs of UNC5 (UNC5A-D) that mediate axonal repulsion (Huber et al., 2003) . Of these homologs, we focused on UNC5A in this study, because surface expression of UNC5A has been observed in the axons of cultured hippocampal neurons prepared from rat embryos (Bartoe et al., 2006) . To examine both the total and the surface expression of the receptors, we performed immunocytochemistry with or without detergents using antibodies specific for the extracellular domains of DCC and UNC5A. We found that both DCC and UNC5A were expressed on the growth cone surfaces of primary granule cells; the expression of DCC was high and that of UNC5A was low (Fig. 4A) . The total expression levels of DCC and UNC5A were not altered after depolarizing stimulation for 1 h using a high-K + medium (8 mM) (Fig. 4A and D) , whereas the surface expression levels of UNC5A, but not of DCC, increased after stimulation ( Fig. 4A and E) . Rp-cAMPS decreased the elevated K + -induced surface expression of UNC5A, while Sp-cAMPS alone increased its surface expression ( Fig. 4A and E) . These results suggest that neuronal hyperactivity enhances translocation of UNC5A to the growth cone surface via increased cAMP.
Netrin-1 attracts mossy fibres via DCC and repels them via UNC5A
The above results suggest that netrin-1 attracts mossy fibres via DCC under control conditions and repels them via up-regulated UNC5A under hyperexcitable conditions. Therefore, we conducted small interfering RNA-mediated knockdown of these receptors (Fig. 4B, C, F and G) . Immunocytochemical analysis indicated that small interfering RNA against Dcc (Dcc-siRNA), but not scrambled control small interfering RNA against Dcc (Sc-DccsiRNA), significantly reduced DCC expression without altering UNC5A expression on the growth cone surfaces of the control primary granule cells (Fig. 4C and F) . Furthermore, Unc5a-siRNA, but not Sc-Unc5a-siRNA, blocked elevated K + -induced expression of UNC5A on the growth cone surfaces without altering expression of DCC ( Fig. 4C and G) .
Next, we transfected the small interfering RNAs to the GFP + granule cells in the slice overlay assay to directly assess the role of the receptors in guiding pioneer mossy fibres (Fig. 5A) . We found that Dcc-siRNA, but not Sc-Dcc-siRNA, disturbed axonal projection to CA3, suggesting that expression of DCC in the granule cells is required for netrin-1-mediated guidance of mossy fibres to CA3 ( Fig. 5B and C) . In contrast, Unc5a knockdown by Unc5a-siRNA did not affect the pathfinding of mossy fibres, which is consistent with the low surface expression of UNC5A under control conditions (Fig. 4A) . Neuronal hyperactivity-induced abnormal targeting of mossy fibres by PIC was blocked by transfecting granule cells with Unc5a-siRNA, but not with Sc-Unc5a-siRNA ( Fig. 5B and C) . These results indicate that netrin-1 normally attracts mossy fibres to CA3 via DCC, whereas it repels them under hyperexcitable conditions via up-regulated UNC5A. In this assay, the axonal length was not affected by the reagents or small interfering RNAs used ( Supplementary Fig. 4 ).
Prevention of mossy fibre sprouting by Unc5a knockdown
Finally, we examined the role of DCC and UNC5A in mossy fibre sprouting. For this purpose, we utilized the slice culture system in which several characteristics of the epileptic hippocampus such as mossy fibre sprouting, granule cell basal dendrites, and the epileptiform bursting of granule cells are reproduced by PIC-induced hyperexcitability (Koyama et al., 2004a; Nakahara et al., 2009) . Using the electroporation method (Nakahara et al., 2009) , the morphology of a few granule cells in the cultured slices were visualized by transfecting plasmids encoding membrane-targeted GFP with or without small interfering RNAs at 5 days in vitro (Fig. 6 ). In the control cultures, neither Dcc-siRNA nor Unc5a-siRNA transfection induced sprouted mossy fibres innervating the granule cell layer and molecular layer (Fig. 6B) . Seemingly contradictory effects of Dcc knockdown on mossy fibre directionality between the slice overlay assay (Fig. 5B and C) and the (Fig. 6B) probably result from the fact that the electroporation method visualizes mature granule cells that had already been incorporated into dentate networks and projected their main mossy fibres to CA3, in contrast to the overlay assays that examined guidance of pioneer mossy fibres. The application of PIC for 3 days from 6 to 9 days in vitro efficiently induced mossy fibre sprouting (Fig. 6A, arrows) ; mossy fibres in the granule cell layer and molecular layer were significantly longer than those of granule cells in the control cultures (Fig. 6B) . This phenomenon was blocked by co-applying Rp-cAMPS (Fig. 6B) , suggesting the involvement of hyperactivityinduced upregulation of UNC5A via cAMP (Fig. 4) . Indeed, although hyperactivity-induced sprouting was not blocked by Dcc-siRNA, Unc5a-siRNA prevented reverse projection of the mossy fibre collaterals (Fig. 6A and B) and caused their growth cones to turn towards CA3 (Fig. 6A, arrowheads) .
Discussion
Several axon guidance molecules attract or repel growing axons to establish functional neural networks in the brain. Of these molecules, netrin-1 exhibits a distinctive property: it induces both attractive and repulsive axonal turnings depending on the surface expression of DCC and UNC5 (Hong et al., 1999) . In this study, using a slice culture model of epilepsy (Koyama et al., 2004a; Nakahara et al., 2009) , we examined the role of neuronal activity in netrin-1-mediated axon target switching that results in aberrant reorganization of hippocampal networks. We found that netrin-1 normally attracts mossy fibres to CA3 via DCC and that neuronal activity-induced UNC5A converts netrin-1-mediated chemo-attraction of mossy fibres to repulsion via cAMP, thus initiating mossy fibre sprouting.
Under normal conditions, mossy fibres project through the dentate hilus to the proximal parts of the apical and basal dendrites of the CA3 pyramidal cells, constituting the second part of the classical trisynaptic pathway, which involves synapses between the entorhinal cortex, dentate gyrus, CA3 and CA1 (Andersen et al., 1969) . It has been demonstrated that layer-specific termination of both the entorhinal-hippocampal and the CA3-CA1 projections are altered in netrin-1-deficient mice in vivo, suggesting that netrin-1 is involved in the axonal pathfinding of entorhinal and CA3 neurons (Barallobre et al., 2000) . In contrast to these neurons, most granule cells are formed after birth cultures. GFP plasmids and Alexa 555-labelled small interfering RNAs were transfected by electroporation at 5 days in vitro and PIC was applied from 6 to 9 days in vitro to induce hyperexcitability. PIC induced sprouting of mossy fibres that innervate the molecular layer (arrows). PIC-induced sprouting was blocked in Unc5a-siRNA-transfected granule cells and these cells exhibited several growth cones growing towards CA3 (arrowheads). In contrast, Sc-Unc5a-siRNA-transfected, Sc-Dcc-siRNA-transfected, and Dcc-siRNAtransfected cells had several sprouted mossy fibres (arrows). Scale bar, 50 mm. (B) Determination of the length of sprouted mossy fibres in the granule cell layer and molecular layer. Rp-cAMPS was coapplied with PIC from 6 to 9 days in vitro. *P50.05 and **P50.01 versus control and # P50.05 versus PIC (n = 6-18 GFP + cells from 6 to 18 slice cultures; bars, SEM; Steel-Dwass test after Kruskal-Wallis test). GCL = granule cell layer; ML = molecular layer.
Netrin-1 induces mossy fibre sprouting Schlessinger et al., 1975; Muramatsu et al., 2007) and later begin to project mossy fibres to CA3 (Dailey et al., 1994; Zhao et al., 2006) ; thus, it is difficult to use netrin-1-deficient mice that die soon after birth for assessing the involvement of netrin-1 in mossy fibre guidance. Using both slice overlay and explant coculture assays, we have demonstrated that netrin-1 diffusing from CA3 acts a chemo-attractant for pioneer mossy fibres via DCC. In the epileptic hippocampus, in which neuronal activity is highly upregulated, mossy fibres robustly branch out in the dentate hilus and the resulting axonal collaterals project conversely towards the molecular layer. Using a PIC-induced slice culture model of epilepsy, as in the present study, we previously determined that the first step of sprouting, that is, branching, is caused by neuronal activity-induced brain-derived neurotrophic factor (Koyama et al., 2004a) . In the present study, we have shown that the second step of sprouting, reverse projection, is caused by neuronal activityinduced intracellular cAMP. This observation agrees with the previous studies on dissociated cultures of neurons. Modulation of netrin-1-dependent axonal guidance by electrical activity requires elevated levels of cytoplasmic Ca 2+ and cAMP (Ming et al., 2001) . Furthermore, Bouchard et al. (2008) showed that depolarization recruits DCC to the plasma membrane of embryonic cortical neurons. Our data, however, revealed an unexpected mechanism: a transient elevation of cAMP that induces the expression of UNC5A, but not DCC, on the growth cone surface, resulting in switching of topographical axon target selection. A subsequent experiment involving RNAi-mediated knockdown of Unc5a (Figs 5 and 6) clearly showed that the increased UNC5A expression results in the reverse growth of the mossy fibres, which ultimately results in mossy fibre sprouting.
Oscillations, but not a sustained increase, in the levels of cAMP also contribute to a retraction response of the growth cone to ephrin-A in retinal ganglion cells during establishment of the retinotopic map (Nicol et al., 2007) . A study of rat spinal commissural neurons suggested that netrin-1 alone does not increase the cAMP concentration or protein kinase A activity (Moore and Kennedy, 2006) . A study of rat dorsal root ganglion neurons suggested that netrin-1 increases cAMP via soluble adenylyl cyclase (Wu et al., 2006) ; however, Moore et al. (2008a) found low expression of soluble adenylyl cyclase in these neurons. In addition, using netrin-1-deficient mice and soluble adenylyl cyclase-null mice, the authors showed that netrin-1 does not increase cAMP levels nor does it require soluble adenylyl cyclase to attract the axons of dorsal root ganglion neurons. Whether netrin-1 increases cAMP levels in the growth cone of hippocampal neurons was not the focus of the present study and was thus not examined. However, netrin-1 probably does not increase cAMP levels, because a netrin-1-induced increase in cAMP levels would result in repulsion of mossy fibres via UNC5A expression under normal conditions, and this conflicts with the finding that diffusible netrin-1 attracts mossy fibres in collagen gels (Fig. 2) . A candidate that links neuronal activity with an increase in cAMP levels is Ca 2+ -stimulated adenylyl cyclases. Fagan et al. (2000) reported that neuronal depolarization and the resulting Ca -stimulated adenylyl cyclase, adenylyl cyclase type I, have been found in hippocampal granule cells (Xia et al., 1991) . It has also been reported that cAMP levels in the hippocampus significantly increase at seizure initiation and remain elevated during status epilepticus in a lithium-pilocarpineinduced rat model of temporal lobe epilepsy (Jope et al., 1992) , which is known to be accompanied by mossy fibre sprouting.
We first examined the possibility that neuronal activity downregulates the expression of DCC and redirects mossy fibres, because it has been reported that neuron-restrictive silencer factor (Schoenherr and Anderson, 1995) , which suppresses the transcription of multiple neuronal genes, increases after kainic acid-induced seizures (Palm et al., 1998) . However, in our experimental systems, neither total nor surface expression of DCC in the growth cones was significantly reduced by up-regulated neuronal activity. Meanwhile, UNC5A expression at the growth cone surface was dramatically up-regulated by enhanced neuronal activity. Identification of the mechanisms underlying the specific recruitment of UNC5A to the growth cone surface is important. A downstream signalling component that links cAMP with enhanced expression of UNC5A is the family of small guanosine triphosphatases that target protein kinase A (Yuan et al., 2003) . Recently, it has been found that the small guanosine triphosphatase Rho regulates translocation of DCC to the plasma membrane (Moore et al., 2008b) ; a similar mechanism may be involved in the case of UNC5A. However, it has been reported that the enzymatic activity of protein kinase A did not increase in the hippocampus during PIC-induced seizures in rats (Vazquez-Lopez et al., 2005) . Further studies are required to determine whether seizures increase cAMP levels and protein kinase A activity in granule cells and their temporal patterns, especially in temporal lobe epilepsy patients, who also exhibit mossy fibre sprouting (Sutula et al., 1989; Franck et al., 1995) . Epac, a family of cAMPregulated guanine nucleotide exchange factors, is also a potential candidate, because it couples cAMP production to the activation of small guanosine triphosphatases such as Rap in a protein kinase A-independent manner (Holz et al., 2006) . Enhancement of exo-endocytotic recycling in the growth cone is another possible mechanism, because cAMP can cause an increase in the levels of clathrin (Hu et al., 1993) and this recycling regulates the distribution of L1 (Kamiguchi and Lemmon, 2000) , an adhesion molecule that belongs to the immunoglobulin superfamily along with DCC and UNC5.
In conclusion, we have demonstrated that neuronal activity modulates axonal targeting by changing the balance of attractive and repulsive receptor expression. It is particularly important that axons can switch their target cells by promptly responding to enhanced neuronal activity. However, the relevance of our findings for activity-dependent phenomena in culture to in vivo epileptic phenomena remains to be studied in the future.
Ultimately, a method for preventing mossy fibre sprouting in the epileptic brain is required to reduce the pathological symptoms of temporal lobe epilepsy. Although further in vivo studies of mossy fibre sprouting with respect to the afferents into dentate gyrus are required, and our data do not exclude the possible involvement of guidance factors other than netrin-1 in mossy fibre sprouting, the present study proposes a novel mechanism underlying neuronal activity-induced aberrant network formation in encephalopathy.
